In this paper, we present a realistic CG (Computer Graphics) animation method to move shes. These have highly realistic appearance and movement. NURBS(Non-Uniform Rational B-Spline) is employed for both modeling and deformation of CG shes. This makes the surface data of the shes very simple to obtain. We can create the very smooth shape of the shes(one side) by using about 8 2 4 control points of NURBS. Realistic deformation of the shes is also achieved by forming the control points into several groups and moving them. Inverse kinematics are also incorporated into this deformation. The shes can swim naturally using a combination of 3 deformation patterns and 3 locomotion patterns. Autonomy of the shes is realized by a mental model employing random numbers. Both schooling behavior and collision avoidance are obtained by an algorithm employing the detection vector and direction vector. Since the computing costs for this method are not high, we can run the program with general-purpose graphics workstations in realtime.
Introduction
In this paper, we present a realistic CG animation method to move shes. These have highly realistic appearance and movement. Prior to our work, X.Tu and D.Terzopoulos made a similar articial sh [5] . They tried to make the sh's movement model as close to actual physics as possible. Unlike their approach, we do not necessarily aim at realizing the movement model in accordance with actual physics. Rather, using an inexpensive simple method, we try to realize the movement model to be viewed as if it is natural and realistic in realtime.
T.W.Sederberg and S.R.Rarry presented FFD (Free Form Deformation) to deform 3-dimensional objects smoothly [4] . But this method can not be applied to realtime CG at present hardware performance. We employ NURBS (Non-Uniform Rational B-Spline) for modeling and deformation of various CG shes because of its wide use.
NURBS allows to make the modeling data of the shes very simple. We can create very smooth shape of the shes (one side) by using about 8 2 4 control points of NURBS, except the long shaped shes like sea snake. We don't consider uneven shes like balloonsh. We have made a sh movement model based on the theory that a common way of the movement of aquatic animals is like a progressive wave which begins at their heads, raises its amplitude and reduces its wavelength as it goes to their tails. In this model, the animals twist their bodies so that the wave goes through the bodies. We consider this model can be applied to spindle shaped shes like cod, side-compressed shaped shes like buttery sh, and long shaped shes like sea snake. But it cannot be applied directly to shes with back-and-stomachcompressed shaps like atsh, and hard shes like boxsh.
It is thought that sh form a schools by their visions and lateral line organs. Thanks to this organ, the sh feels the low frequency oscillations generated by the other sh and the echo of its own in order to maintain a neighboring relationship. In this research, we simulate a school considering this fact.
The method of this paper allows to create various CG shes having high reality without the help of animators in a short time, because they can be formed by modifying one basic data structure and mapping a photo texture to the structural data of the sh.
In this research, we use Graphics Library (GL) provided by Silicon Graphics, Inc. as a 3-dimensional CG tool including NURBS and texture mapping.
Modeling of a sh
The meshes of NURBS control points are arranged to the shape of the intended sh as illustrated in Fig.1 . That is, one side of the sh is formed by a smooth NURBS surface 
The arrangement of control points should be determined carefully. It is desirable that the spaces between control points should be arranged as equally as possible and they should be the characteristic points that dene the shape of the sh, so that the smooth surface may be formed and the computation cost may be reduced. Surface model of Lutjanus kasumira(one side) In order to deform the sh model naturally, we arrange the control points into several ringshaped groups that cut the sh in round slices. Most shes in the real world have the backbone that consists of many spines, and its muscles are segmented in the round slices that correspond to each spline. Accordingly, the movement of a sh's surface is also thought to be segmented in round slices.
The control points dene the shape of the sh as well as the deformation. This rational way reduces the computation cost.
\Pectoral n" and other attachments are formed as other objects, and combined to the NURBS body. \Pectoral n" can be controlled, if its joint-angle is changed corresponding to the movement of the sh. We can control the opening and closing of the mouth by moving the control points that dene the shape of it.
In Fig.2 , the sizes of the triangular polygons are not even. That is because the division to a triangular polygon is optimized according to the curvature of NURBS curve. We can specify the maximum length (by the unit of pixel) of the line segment edge that is formed by dividing the polygon or curve to the triangle. The maximum length in Fig.2 is 50:0. These functions are provided by Graphics Library.
3 Deformation of a sh Both deformation and locomotion are the important factors to realize the realistic movement of a sh. In this section, we describe how the deformation is realized.
In order to realize the progressive wave that goes through the body of a sh, we have to move the groups of the control points so that the backbone of the sh get on the curve represented by a mathematical function. Accordingly, we have to search for the length of the curve so as not to change the spaces between the groups of the control points . But it is dicult in general to nd a primitive function in order to solve an integral function, and a numerical value analysis does not satisfy the need of real time processing. It is also not easy to search for the angles between the joints by the way of putting a skeleton model of multi-joint structure on the curve. Considering the above facts , we deform a sh by rotating the groups of the control points around Y axis of the object coordinate system, and realize an approximate progressive wave that goes through the body of the sh.
Because NURBS denes a curve by the combination of sectional polynomials, we can change the limited part of its shape. We employ a method of multistage single-joint inverse kinematics so as not to stretch the length of a sh longer.
In this research, deformation of a sh is composed of three motion patterns. The rst is \natural twist" that produces the propelling power for a sh to swim straight. The second is \left twist" that represents the twisting motion when a sh turns left. The third is \right twist" that also represents the twisting motion when a sh turns right.
Multistage single-joint inverse kinematics
Concerning the triangle OBC of Fig.3 , we have the following two equations. 
If we express the coordinate of the joint between the ith arm and the (i + 1)th arm as (x i ; y i ), then (x i+1 ; y i+1 ) is calculated as below.
y i+1 = r i+1 sin( i+1 + 0 i+1 ) + y i (
Thus, the coordinates of the points that accompany the (i + 1)arm are calculated by rotating them around (x i ; y i ) at the angle of ( i+1 + 0 i+1 ). These relationships do not depend on whether each variable is positive or not. But i is restricted as below, so that it may be within reach of the arms.
Though this principle can be expanded to 3-dimension, it is used in 2-dimension in this research. 
where i is the rotation angle of the ith group of the control points, a is the parameter that controls the amplitude of the twist, ! is the angular velocity that controls the speed of the twist, t is time, and d i is the phase dierence from the 0th group of the control points.
In case of Lutjanus kasumira (Fig.4) , determined values are shown in Table. 1, where x i is the initial X coordinate of the ith group of the control points. Here, ! is =4, and t is expressed as =4 2n where n is the frame number(in case that a sh is rendered at the rate of 4 frames/sec). The twist accompanies a direction change in the way of twisting the head with the tail xed and then releasing the tail with the head xed. This is realized by rotating the object coordinate system around Y axis using 0 and 7 . In case of Lutjanus kasumira, determined values are shown in Table. 
wherer is the position vector of the sh in the global coordinate system, m is the mass of the sh, k is the resistance coecient that the sh suers from water, andF is the sum of the propelling force of the sh, the lifting and sinking force of it and the external force such as a ow. The velocity expresses the movement of the sh to the next frame. The propelling force is in proportion to the amplitude a and the angular velocity ! in Eqn.10, and its direction agrees with that of the sh. If the velocity of the previous frame is expressed asṽ, the equation is transformed to,
The movement of each frame is determined by this calculation.
Algorithm for schools
Reynolds' pioneering work is famous for animating the synchronized motions of ocks, schools, or herds [1] . His algorithm is as follows:
1. Collision Avoidance: avoid collisions with nearby ockmates 2. Velocity Matching: attempt to match velocity with nearby ockmates 3. Flock Centering: attempt to stay close to nearby ockmates 
where M is the number of obstacles, and N is the number of sh. This is a serious problem of this algorithm. It is hoped to be improved by parallel processing, etc. Fig.5 shows a snapshot of the schooling behavior by this algorithm.
Conclusion
We have realized a realtime CG animation of highly realistic shes incorporating deformation, locomotion and, further, an algorithm for schools. This system is attempted to improve the reality of shes in both model and movement, compared with the realtime CG sh animation system that we have developed previously [2] [3]. Tropical shes are the important objects that give us natural relaxation. We think these virtual shes will be useful, because raising tropical shes in a water tank requires a lot of care, for example, feeding, changing the water, and so on. Our research way provides a basic technology for an electronic aquarium under X.Tu and D.Terzopoulos developed the various movement patterns, such as avoid, school, eat, mate, leave, wander. We want to consider such various movement patterns, because our present system does not support them.
A texture-mapped sh in the size of 400 2 200 pixels can swim naturally at the rate of 4 frames/sec on SGI Indy SC R4000. With this sh CG software we can run an underwater virtual environment and walk through it to watch about 10 kinds of shes with a generalpurpose high-end graphics workstation in realtime. Fig.6 illustrates one shot of its picture.
